Abstract The Plant and Animal Genome (PAG, held annually) meeting in January 2012 provided insights into the advances in plant, animal, and microbe genome studies particularly as they impact on our understanding of complex biological systems. The diverse areas of biology covered included the advances in technologies, variation in complex traits, genome change in evolution, and targeting phenotypic changes, across the broad spectrum of life forms. This overview aims to summarize the major advances in research areas presented in the plenary lectures and does not attempt to summarize the diverse research activities covered throughout the PAG in workshops, posters, presentations, and displays by suppliers of cutting-edge technologies.
Introduction
The annual Plant and Animal Genome (PAG) Conference held in San Diego, 14-18 January 2012, is unique in combining plenary lecturers and a large number of workshops to cover scientific developments in broad areas of biology and biotechnology utilizing genome analyses in animals, plants, and microorganisms as a starting point. The conference attained a record of 2,800 registrants for the meeting. The broad coverage of the conference facilitates the recognition of new opportunities that come from multidisciplinary approaches while still providing the space for discussions
Advances in technology
The advances in technologies to provide genome DNA sequences more efficiently were discussed in a Pacific Biosciences workshop. The paradigm shift to target single DNA molecules for sequencing has been defined as thirdgeneration sequencing and aims to overcome some of the limitations inherent to the widely used second-generation sequencing technologies. The single molecule real-time (SMRT) DNA sequencing technology relies on the imaging of fluorescent phosphor-linked labeled nucleotides as they are incorporated by a polymerase anchored to a zero-mode waveguide (ZMW) (Schadt et al. 2010) . The first commercial SMRT instrument included an array of 75,000 ZMWs. Although each ZMW is capable of DNA sequencing, the use of a random diffusion process to deliver the DNA polymerase and DNA template to each ZMW results in only a third of the ZMWs being active for a given sequencing run (Schadt et al. 2010) . There are three types of SMRT reads that can be generated, namely, "long reads" that are single pass sequenced reads, "circular consensus sequencing" (CCS) reads that correspond to short inserts that are sequenced multiple times to generate more accurate consensus reads, and "strobe" reads that are to some extend similar to mate-pair end reads and are generated by switching on/off the laser on the instrument for defined time periods when sequencing a very long template. Michael Schatz and Tim Smith reported on the use of SMRT DNA along with other second-generation technologies to sequence and assemble various small genomes including Escherichia coli strains and budding yeast. SMRT long reads have a mean length of ∼1-2 kb for most genomes tested with the longest reads reaching up to ∼15 kb. The read accuracy is about 85% with the vast majority of the errors corresponding to base insertions, ranging from one to several bases, followed by deletions and mismatches. The random distribution of sequencing errors along SMRT reads permits error correction using either high quality CCS or second-generation sequencing reads. Examples of complete genome assemblies were obtained by combining 50X SMRT reads plus 25x CCS or 25x 454 reads. Simon Chan employed SMRT reads to reveal patterns and higher order structure of centromere repeat arrays providing new insights into centromere DNA evolution. The significantly longer error-corrected SMRT reads as compared to other available technologies are expected to enable sequencing through complex repeats, close genomic gaps, allow haplotype phasing, and catalog alternative splicing isoforms that are generally out of reach for second-generation sequencing technologies. There are still many challenges ahead for this third-generation sequencing technology particularly in increasing sequencing accuracy and throughput.
Lee Hood focused "the challenge of high throughput data centers on signal to noise issues" as he addressed the advances that have occurred in dealing with analyzing the complexity of biological systems (Tian et al. 2012) . He referred to noise arising from both technical measurement issues and from the integration of multiple aspects of biology into any measure of phenotype. A systems approach to biology was required, including the acquisition/integration of data from the genome, transcriptome, and proteome level, the cellular/tissue level, and whole organism level in order to make significant advances in understanding living organisms. The availability of a high quality (although still incomplete, reviewed in Appels et al. 2011) human genome reference sequence provides a basis for analyzing short-read, whole genome, DNA sequences and sequencing of individuals from families segregating for a particular phenotype (Roach et al. 2010; Dewey et al. 2011; Tian et al. 2012) . The comparative analysis of the genome sequences from members of a family enabled the noise in DNA sequencing, namely, sequencing errors and genetic heterozygosity in DNA from a diploid organism, to be defined (Roach et al. 2010; Dewey et al. 2011) . Through the process of tracking sequence changes/inconsistencies in inheritance from parent to offspring, Roach et al. (2010) The interpretation of SNP differences, as individual genome sequences are produced, relies on a reference sequence that is representative of the population at large (Burgess 2011) . The current NCBI human genome reference (Hg19) is derived from a small group of individuals. In order to interpret the SNPs in their study, Dewey et al. (2011) showed significant differences existed between the NCBI reference genome and the ethnicityspecific major allele reference genomes based on three main HapMap populations (Dewey et al. 2011 ) from the 1,000 human genomes project (Index of ftp://ftp.1000genomes.ebi. ac.uk/vol1/ftp/release/20110521/). Using a more representative genome reference sequence further reduced the "noise" in the interpretation of analyses and allowed the identification of one of the target genes for thrombophilia that were not identified in using Hg19 as a reference. Where targets for disease have been identified, the genome level analysis can become more specific. For example, the discovery of lesions in the DNA repair process has provided specific targets for genome sequence analysis (Rass et al. 2007 ) in human diagnostics, and Hood indicated that an increase in frequency of this class of mutation occurred in colon cancers. The tissuespecific nature of this class of mutation is not understood.
Hood noted that significant advances in individual human proteome analysis technology development have been achieved. The group have established the srmatlas project (Tian et al. 2012 ; http://www.srmatlas.org) focussed on selected reaction monitoring (SRM) mass spectrometry assays (Picotti et al. 2009 ) for all human proteins (http:// www.srmatlas.org/). The SRM mass spectrometry assays utilize a triple quadrupole mass spectrometer to identify a peptide(s) that defines a protein of interest in an iterative process to eventually provide highly accurate identification and quantification. The benefit of SRM assays is that detection of multiple targets in blood avoids the complexities associated with ELISA development. The SRM initiative complements the human protein atlas (http://www.proteinatlas.org/) which is focused on antibody-based proteomics. Version 8.0 of the human protein atlas released in May 2011 included 11,260 genes with protein expression profiles based on 14,506 antibodies (Ponten et al. 2011 , see Fig. 1 ). These advances provide the basis for identifying new cancer biomarkers.
The integration of the genome, transcriptome, proteome changes, and tissue structure at the level of cells was an essential part of the systems approach to biology discussed by Hood. The cell heterogeneity found in tumors was a key consideration in the evolution of tumors. As a particular tumor (or disease) progresses, mutation continues and the patterns of expressed information (mRNAs, miRNAs, and proteins) continue to change. Information on how the tumor (or disease) changes over time is a critical description of the phenotype. The examples discussed by Hood included prion-mediated neurodegenerative disorders (Westaway et al. 2011) , cardiomyopathy (Chung et al. 2003) , glioblastoma multiforme (Parsons et al. 2008; The Cancer Genome Atlas Research Network 2008) , and Alzheimer's disease (Selkoe 1999; Kantlehner 2011) . One of the significant features of the tumors analyzed is that the frequency of random mutations in these tissues is more than 100-to 500-fold greater than in adjacent normal cells. Monitoring the dynamics of change is therefore critical in developing effective diagnostic and therapeutic approaches for treatment. The heterogeneity of genomes within a given tumor accelerates the pace of evolution when compared to their cells of origin. The dynamics of change in specific proteins that characterize key attributes of human disease is increasingly more accessible as the high resolution proteome technologies are established.
One of the key technologies mentioned by Hood, namely microfluidics, was discussed in detail by Stephen Quake in his plenary lecture. A fully integrated microfluidic device capable of performing high-precision RT-qPCR measurements of gene expression from hundreds of single cells per run was presented. All steps of single-cell processing, including cell capture, cell lysis, reverse transcription, and quantitative PCR, occur in the microfluidic device. In addition to higher throughput and reduced cost, the nanoliter volume processing reduced measurement noise, increased sensitivity, and provided single nucleotide specificity (Warren et al. 2006; White et al. 2011) . Each reaction step is fed into a channel into which the next reaction master mix is added both to dilute the cell lysate or cDNA and assembling the next reaction. The technology optimized the capture of single cells into a channel and standard RT-PCR using GAPDH validated the overall process (White et al. 2011) . Advances in analyzing the DNA from single chromosomes and individual sperm cells were particularly important in providing genome sequence level information directly from a haploid genome. Application of the technology for identifying biological subsets of cells in human colorectal cancer, based on the expression of genes characteristic of specific cell types (Dalerba et al. 2011) , provided the basis for a two-gene scoring system to identify distinctive cell types critical for developing therapeutic approaches to treating the colorectal cancer.
Quake also described a microfluidic chip platform, called RootChip that integrated live-cell imaging of growth and metabolism of Arabidopsis thaliana roots with rapid modulation of environmental conditions (Grossmann et al. 2011) . The RootChip monitored time-resolved growth and cytosolic sugar levels at subcellular resolution in GM plants modified with fluorescence sensor for glucose and galactose. The RootChip provided a vision of the potential for the technology to facilitate large-scale phenotyping of root metabolism and signaling that are generally difficult to carry out. The technology focuses on early stages of root development and complements other technologies that have been investigated for phenotyping plant roots (Anderson et al. 2010; Clark et al. 2011) .
The study of the whole phenotype of organisms and associating change with variation at the molecular level is a major outcome for the contemporary analysis of life forms. An aspect of the whole phenotype in humans that was discussed by Hood was the importance of capturing more information from blood since this is the fluid that can report on the status of every organ. The extensive resource of antibody-based proteomics established in the Human Protein Atlas and mass spectrophotometric-based technologies in the SRM Atlas is the basis for a description of the human phenotype that can, as data is collected over time, provide the information required for presymptomatic diagnoses of diseases (Tian et al. 2012) . The prion-mediated neurodegenerative disorders studies in mice by Westaway et al. (2011) established that some of the early changes in transcripts could be detected as changes in the levels of the respective proteins in the blood. For the analysis of the "state" of the brain, approximately 100 brain-specific proteins in humans and mouse could be identified, with 95% of the protein orthologous between the two species, and these collectively constituted a brain-specific blood fingerprint (Tian et al. 2012 ). Human organ-specific blood biomarkers for several cancer types are now clear targets. In addition to protein biomarkers, some examples of the other biomarker types include PCR-based assays for circulating tumor cells (Iinuma et al. 2011) , diagnostic (CD133) mRNA levels in peripheral blood mononuclear cells from patients with colon cancer (Lin et al. 2007) , and plasma microRNA levels related to liver injury ).
Linking phenotypic change to genotypic changes, in genetic analyses, was also discussed by Robert Williams in his plenary lecture, with a focus on the computational challenges in analyzing large datasets. The type of datasets discussed by Williams included the microarray type outputs first suggested by Jansen and Nap (2001) for inclusion in genetical genomics analyses and are now extended to cross-platform datasets (Damerval et al. 1994; Ciobanu et al. 2010) . A framework for carrying out the genetic analyses was described as being available through the GeneNetwork and WebQTL software accessible at www.genenetwork.org. The technical challenge of defining a phenotype such as a change in expression of a gene was shown by Ciobanu et al. (2010) in their detailed analysis of cis-acting expression quantitative trait loci (QTL) (variation in expression of a gene located at the position of the gene itself in the genetic map). Variation in promoters of transcription, transcription termination, and alternative splicing can give rise to discrete quantitative differences in the steady-state mRNA levels of different mRNA isoforms between strains. The insertion of a transposon can also generate a new isoform of a gene ). In addition, technical issues such as the SNPs differentiating mRNA isoforms overlapping the probes used to assay the respective gene sequences can generate an apparent difference in the level of mRNA isoforms due to differences in hybridization efficiency. Filtering out the latter class of technical difficulty improved the recovery of genuine cis-modulated transcripts and thus to identify genes that are relevant to further downstream regulation of gene expression and more complex phenotypes (Ciobanu et al. 2010) .
Williams also discussed the power of a structured mapping population in model organisms and presented the Complex Trait Consortium (Vogel 2003; Chesler et al. 2008) . To detect phenotype-genotype associations for complex traits (QTL), four technical requirements (Cavanagh et al. 2008) included: a structured population of individuals that is genetically variable for the phenotypes of interest; molecular marker systems allowing accurate genotyping of the population (Elshire et al. 2011) ; reproducible quantitative phenotyping methodologies (discussed by Hood); and experimental and statistical methods for detecting and locating QTL (Valdar et al. 2006; Teuscher and Broman 2007) . In the mouse model system, the complex cross of eight strains and the subsequent derivation of at least 1,000 inbred lines for analysis will provide a powerful foundation for dissecting complex traits. A similar strategy has been adopted for wheat (Cavanagh et al. 2008; Cavanagh and Howitt 2011) , and for the eight-way cross, 5,000 recombinant inbred lines have been established. The Multi-parent Advanced Generation Inter-Cross (MAGIC) population for wheat is sufficiently large to allow subpopulations of similar maturity to be identified for detailed analysis of particular phenotypes. Consistent with expectations from the mouse model system, the studies on the wheat MAGIC progeny demonstrate very high resolution for specific QTL.
Genome sequencing and variation in complex traits
In his plenary lecture, Carlos Bustamante examined in more detail the challenge of analyzing genome sequence data in relation to complex phenotypes (traits) in humans using genome-wide association (GWA) analyses. A significant technical issue that was discussed related to sampling or ascertainment bias resulting from the fact that NCBI human genome reference and the design of SNP assays was based on sequence information of individuals of European descent (Bustamante et al. 2005; Nielsen et al. 2007; Dewey et al. 2011; Bustamante et al. 2011) . Deployment of SNP arrays, based on a small group of individuals, to assay large populations can lead to biases in allele frequencies, patterns of linkage disequilibrium, and assessments of variability (Nielsen et al. 2007) . In this context, Bustamante suggested that it was important to define the genetic structure underpinning different ethnic groups in the world, using more robust genome level analyses. The GWA analysis of human populations using direct sequencing of exons (rather than SNP arrays) has provided evidence for segregating variants of genes that have deleterious effects and fall into the category of gene targets contributing to understanding complex disorders (Bustamante et al. 2005) . A study by Acuna-Alonzo et al. (2010) examined the R230C allele of the cholesterol transporter ABCA1 found only in Native American and Native American-derived populations. This allele was associated with low high-density lipoprotein cholesterol levels, obesity, and type 2 diabetes and appeared to be under positive selection.
Genome-wide analyses using 500K SNP arrays of Hispanic/ Latino populations showed extensive genetic heterogeneity with large variation in individual admixture estimates within certain Latino populations (Bryc et al. 2010a) . In their analysis of X, Y, and mitochondrial DNA markers, Bryc et al. (2010a) found a biased contribution of European male and Native American female ancestry to present-day populations. A similar study was carried out to define relationships between West African and African American population (Bryc et al. 2010b) and it is evident that precise definitions of population samples are required in order to carry out GWA for human disease, so that frequencies in cases and controls can be accurately compared. The sharing of rare variants between closely related populations was reduced compared to more common variants, and since it is expected that most genome variation associated with disease will be in the rare category, it is expected that genome-wide association studies aiming to correlate common disease susceptibility resulting from rare variants may need very large sample sizes Marth et al. 2011) .
GWA analyses have been carried on a very large scale in rice by the team led by Susan McCouch, using 413 diverse rice varieties and a 1M oligonucleotide genotyping array, estimated to assay SNPs every 0.4-0.5 kb of genomic DNA. The array in enriched for non-synonymous SNPs. The study identified associations consistent with many previously reported QTL as well as new candidate chromosome regions and genes contributing to agronomically important phenotypes . Allele sharing identified subpopulations but also demonstrated many admixed accessions within subspecies which is consistent with the exchange of germplasm among breeding programs worldwide. The Zhao et al. (2011) study found differences between traits depending on the relative strength of environmental and human selection, which modified phenotype expression and ability to associate variation in SNPs. For a locus such as Hd1 (Yano et al. 2000) , in determining photoperiod sensitivity, major changes in adaption can occur as a result of few changes, while for grain quality attributes such as amylose content and aroma, human selection has driven gene pathways in different directions. Genes related to domestication were generally large effect and fixed in cultivated rice and were only assayed in the broad survey of rice accessions of the type carried out by Zhao et al. (2011) .
In the extensive studies carried out, GWA analysis discovered more phenotype-genotype associations and provided higher resolution for aluminum tolerance (Famoso et al. 2011) than QTL mapping of a biparental cross, although the latter identified QTL associated with transgressive variation not detected by GWA analysis. The GWA QTLs included candidate genes that are associated with at least three different mechanisms conferring Al tolerance, namely, exclusion via organic exudation from roots, sequestration in vacuoles and modification to cell walls. A candidate Al transporter gene (Nrat1) consistently mapped to a highly significant association for an Al tolerance region on chromosome 2. Sequence analysis identified sensitive and tolerant alleles of the Nrat1 gene. All the significant loci detected by GWA were subpopulation specific which was consistent with the correlation between subpopulations and distribution of Al tolerance (Famoso et al. 2011) .
Better utilization of wild relatives of rice to improve all aspects of yield in cultivated rice is a clear output from the studies to define the Oryza sp. genome (Kovach and McCouch 2008) . The wild relatives of rice carry sources of genes and gene alleles that have been lost through the domestication process to produce cultivated rice. Targeting wild relatives (based on GWA-based identification of chromosome regions controlling agronomic traits) for crossing to cultivated rice opens the possibility for transgressive segregation to enhance specific features in rice cultivated in particular environments (Kovach and McCouch 2008) and was demonstrated for Al tolerance. An interesting aspect of carrying out wide crosses to introduce novel alleles into cultivated rice is the possibility of inducing the activation of TEs and the production of distinct classes of small RNA, as has been suggested to occur in Arabidopsis (Martienssen 2010) . These processes may be transient but could generate a novel suite of variation for selection by breeders. Comparisons between the different Oryza genomes has revealed extensive DNA rearrangement in the colinearity of genes and this has been suggested to be differentially triggered by transposable elements (Tian et al. 2011 ).
Genome change in evolution
Loren Riesenberg discussed the plant phenotypes related to adaptive divergence and reproductive isolation with a particular focus on identifying genome regions and candidate genes that define this phenotype (Strasburg et al. 2012 ). At a whole genome level, several possibilities can be considered as a basis for divergence that leads to adaptive divergence and reproductive isolation:
1. Localized islands of the genome that diverge as a result of environmental change and increase in number as species diverge-referred to as a porous genome model 2. Localized islands of the genome that diverge and increase in size as species diverge (Wu and Ting 2004) 3. Influx of retrotransposable elements 4. Chromosome rearrangements (including polyploidy; Mayrose et al. 2011) .
Superimposed on these genome-wide changes, specific genes have been identified as contributing to speciation including a diverse range of activities affecting pre-pollination, intrinsic post-zygotic barriers, loss of function mutations, and copy number variation. A well-curated list of 41 genes is provided in Rieseberg and Blackman (2010) .
The inherently dynamic state of plant genomes is well illustrated in the re-sequencing of maize inbred lines (Lai et al. 2010 ) using inbred line B73 as a reference genome (Schnable et al. 2009) , with indels being common in genes, in addition to presence and absence polymorphisms. Studies in Arabidopsis indicate that up to 60% of nucleotide-binding leucine-rich repeat genes and 15% of receptor-like kinase genes show a major effect change, as well as presence and absence polymorphisms . A detailed analysis of the FLOWERING locus (FT) in Helianthus by Blackman et al. (2010) demonstrated FT-like duplicates arose in the genome and affected day-length response (HaFT2) and flower development (HaFT1-HaFT4 interaction). The study demonstrated gene duplication generating new gene interactions that could be subjected to selection and affect the domestication process of sunflower . In a study of Helianthus neglectus and H. petiolaris, Raduski et al. (2010) carried out genome level analyses using direct sequence analyses of nine nuclear loci, comparing alignments of regions 454-1,326 bp in length. It was evident from Raduski et al. (2010) , and earlier studies, that the comparisons between H. neglectus, H. petiolaris, and H. annuus indicated extensive gene flow and large proportions of the genome showing very little genetic divergence, even though the Helianthus sp. vary in divergence time, strength of reproductive isolation, and degree of geographic separation. Genomic regions that differentiated species were found to be small, tending to increase in number rather than size as species diverge. The only exception to this general rule was in areas of low recombination, such as near the breakpoints of chromosomal rearrangements. Rieseberg noted in particular that many of the same genomic regions were differentiated across multiple, independent comparisons, supporting a porous genome model for genome differentiation in relation to speciation and that the same genes or genomic regions may repeatedly contribute to adaptive evolution and speciation in sunflowers.
Targeting phenotypic change
Geoff Fincher described the analysis of non-starch polysaccharides (NSPs), resistant starch, and oligosaccharides in cereal grain with a particular focus on their contribution to total dietary fiber in human health (Collins et al. 2010; Quraishi et al. 2011; Guillon et al. 2011) . The analysis of plant cell walls using Arabidopsis as a model (Somerville et al. 2004; Velasquez et al. 2011 ) has provided the foundation for the analysis of cell walls in a wide range of plants with varying compositions (Burton et al. 2010a; Guillon et al. 2011) . The components of non-cellulosic cell wall polysaccharides in cereal grain were of particular interest in relation to dietary fiber and included the arabinoxylans and (1-3,1-4)-β-D-glucans; the synthesis of which has been defined (Burton et al. 2006) . The impact of dietary fiber on human health is now well documented (Collins et al. 2010 ) and includes reduction in the impact of colorectal cancer, cardiovascular disease, and diabetes. In the human cecum and colon, large diverse populations of bacteria ferment dietary carbohydrates that have not been absorbed and produce a wide range of fermentation products which form the basis for the health benefits associated with NSPs. For example, butyrate is believed to make an important contribution to maintaining a normal colonocyte phenotype through the repair of damaged DNA and induction of programmed cell death (apoptosis), in transformed cells (Topping 2007; Collins et al. 2010) . The (1-3,1-4)-β-D-glucans and other soluble NSP, such as arabinoxylans, also contribute to moderating digestion as a result of their relatively high viscosity in aqueous media (Dikeman and Fahey 2007) and slowing the flow of digesta. The presence of soluble NSP in foods, even at very modest levels, limits starch degradation so that the apparent resistant starch content is increased (Topping 2007) .
In order to target variation in complex phenotypes such as improved health and renewable biofuel production, the molecular biology underpinning cell wall production is critical to define (Quraishi et al. 2011) . Map-based studies in barley combining QTL analyses, candidate gene identification, and transformation experiments allowed Burton et al. (2006) to identify the cellulose synthase-like CslF cluster of genes on chromosome 2H. The transformation of Arabidopsis (which normally does not have (1-3,1-4)-β-D-glucans) indicated that it was feasible to target a phenotype of increased levels of (1-3,1-4)-β-D-glucans in grasses (Burton et al. 2006) . Fincher showed that when the expression of the CslF6 transgene is driven by the Pro35S promoter, transgenic barley lines had up to sixfold higher levels of (1,3;1,4)-β-D-glucan in leaves, but unchanged levels in the grain (Burton et al. 2011 ). In the case of Pro35S:CslF4 transgenics, up to 50% increases in (1,3;1,4)-b-D-glucan in the grain (but no change in the leaves) and so the different isoforms of CslF tend to have a tissue-specific expression independent of the promoter used. The expression of CslF6 driven by an oat-grain endosperm-specific promoter increased the production of dietary fiber in the grain up to 21% (w/w) compared to 13.4% (w/w) in controls (Burton 2010b) . The transgenic barley plants investigated by Burton et al. (2011) indicated that it is feasible to target complex phenotypes such as improved health (modifying the grain) and renewable biofuel (modifying the vegetative biomass) in a commercially grown cereal.
Over-arching conclusions
Hood argued that quantifying wellness and demystifying disease will be the major outcomes from the integration of multilevel system approaches to medicine. It can be argued equally strongly that similar outcomes will apply to plants and animals to facilitate the required increases in yield of good quality products for human consumption and reducing the chance of food shortages as a basis for worldwide conflicts. The technical advances in analyzing the human genome, transcriptome, and proteome reported by Hood, Quake, Bustamante, and Williams provide an insight into the future for research on other animals and plants. The genome level population studies reported by Bustamante, McCouch, and Rieseberg established the significance of population structure in the interpretation of genome-wide association studies for identifying new genome regions and candidate genes underpinning significant phenotypes. The studies on rice, in particular, by McCouch provided unique insights into the contribution genome level analyses are making to secure the future world food supply. The achievements reported by Fincher demonstrated how specific phenotypic attributes of a crop can be targeted for modification.
